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Abstract. This paper describes a full-duplex (FD) coop-
erative non orthogonal multiple access (NOMA) system with
dedicated relay under residual self-interference (RSI). An ad-
vanced successive interference cancellation (ASIC) technique
is proposed in the FD cooperative NOMA system as an al-
ternate of successive interference cancellation (SIC) scheme.
The ASIC scheme maps the received signal into subgroups
and by applying conventional SIC scheme on each subgroup
results in separation of signals. The approximated analyti-
cal expressions of outage probability and ergodic sum rate
for proposed ASIC based FD DF cooperative NOMA system
are derived and the system throughput is analysed. Finally,
according to the results, our proposed ASIC based FD DF
cooperative NOMA system shows better outage performance
and higher ergodic sum rate as compared to conventional
SIC based FD DF cooperative NOMA system.
Keywords
Advanced successive interference cancellation, full du-
plex, non orthogonal multiple access, residual self-
interference
1. Introduction
Non orthogonal multiple access (NOMA) is considered
as an attractive solution to achieve high spectral efficiency,
large connectivity and low latency as compared to orthogonal
multiple access (OMA) technique. The performance gains of
NOMA system are assumed as the main requirement for fu-
ture generation wireless communication systems [1–3]. Sev-
eral NOMA solutions are deeply studied in [4], [5]. NOMA
schemes are actively divided into two types; power domain
NOMA [6], and code domain NOMA [7]. According to
power domain NOMA, the signals of different users commu-
nicating to same Base Station (BS) are combined by allocat-
ing different power levels and information signal components
of composite signal are separated by applying Successive In-
terference Cancellation (SIC) technique [8], [9]. Power al-
location is done based on channel gain of different users i.e.
allocation of more power is reserved for low channel gain
users and vice versa [9]. Power domain NOMA is useful
in both uplink and downlink scenarios, however, its appli-
cation are more in downlink [10], [11]. Uplink NOMA is
investigated to achieve high system capacity and the new ap-
proximated expressions for outage probability and ergodic
sum rate are derived in [11], [12], whereas downlink NOMA
systems are extensively studied to evaluate outage probabil-
ity and sum rates in [13]. The authors in [14] have intro-
duced a novel concept of cognitive radio inspired NOMA
system where the fixed power allocation in NOMA systems
was discussed by using the influence of user pairing. In this
paper [15], the authors have proposed a Simplified Collab-
orated NOMA Assisted Relaying (S-CNAR) system for 5G
that reduces the problem of relay complexity for CNAR sys-
tem. The outage probabilities and ergodic sum capacity of
both systems are analysed and the S-CNAR system attains the
same performance similar to CNAR system but with much
lower complexity. The author in [16] has proposed an Ad-
vanced Successive Interference Cancellation (ASIC) tech-
nique as an alternate of SIC technique for NOMA systems,
where the problem of user delay during decoding process due
to iterative decoding nature of SIC is resolved.
Cooperative NOMA is a very useful and active area
among various research directions where the transmission re-
liability of the system is enhanced by using dedicated relays or
user relay nodes. In [17], [18], the authors have elaborated the
function of dedicated relay to receive message from source
and then decodes and forwards it to destination. The function
of relay based on user cooperation was first discussed in [19],
where the users experiencing bad channel conditions take the
benefits of users with good channel conditions. Aforemen-
tioned research contributions use Half-Duplex (HD) relay
resulting in improved transmission reliability at the cost of
reduced spectral efficiency due to usage of additional channel
resources. One of the solutions to the problemof spectral effi-
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ciency loss in half duplex relaying scheme is the Full-Duplex
(FD) relay technology that has attained significant research
attention due to the advancement of Self-Interference (SI)
cancellation techniques. These SI cancellation techniques
cannot completely remove SI at FD relays but remains some
SI in the system, which is called Residual Self-Interference
(RSI) [20], [21]. We have assumed to model RSI as an ad-
ditive white Gaussian signal with zero mean and variance
proportional to transmit relay power [22]. The author in [23]
discussed the performance of FDAmplify-and-Forward (AF)
relaying by assuming no direct link between source and des-
tination under RSI, while outage performance of FD DF re-
laying system is deeply elaborated in [24]. The performance
of FD Compress-and-Forward (CF) relaying system is inves-
tigated under RSI in [25] where the author has emphasized
that the full transmit power at relay is not always useful for
the system and the maximum achievable rates are obtained
at optimum relay transmit power.
The significant capacity enhancements of future wire-
less communication networks are obtained by integrating
NOMA systems and FD relay technology. In [26], the out-
age performance of cooperative NOMA system based on FD
device to device scheme is studied and investigated. The
performance of the downlink cooperative NOMA system is
briefly studied over independent identically distributed (i.i.d)
Rayleigh fading channels where the approximated closed
form expressions of outage probability, ergodic sum rate and
asymptotic analysis are evaluated to show that the NOMA
gives better performance as compared to OMA by improving
spectral efficiency and user fairness [27]. The outage prob-
ability and ergodic sum rate of FD DF cooperative NOMA
system are studied and evaluated under RSI in [28].
The improvement in transmission reliability of these co-
operative NOMA systems is obtained at the cost of reduced
spectral efficiency due to user delay decoding process caused
by SIC at user end. In this paper, we propose ASIC in place
of SIC at FD DF relay node of cooperative NOMA system.
No direct link is assumed between BS and NOMA users in
our proposed system. The proposed ASIC based FD DF co-
operative NOMA system outperforms the conventional SIC
based FD DF cooperative NOMA system. The question that
remains is how much spectral efficiency and outage perfor-
mance can be improved. In order to answer this important
question, the scenario is kept same as discussed in [28]. The
main contributions of this paper are summarised as:
• The proposed ASIC based FD DF cooperative NOMA
system is analysed and discussed by calculating ap-
proximated expressions of outage probability under the
assumption of no direct link between BS and far users.
• The proposed ASIC based FD DF cooperative NOMA
system is also evaluated by using closed form approx-
imations of ergodic achievable rates and ergodic sum
rate.
• The proposed ASIC based FD DF cooperative NOMA
system is compared with the traditional SIC based FD
DF cooperative NOMA system under RSI.
• The proposed ASIC based FD DF cooperative NOMA
system shows better outage performance and higher er-
godic sum rate than traditional SIC based FD DF coop-
erative NOMA system in medium to high SNR region
under RSI. The proposed scheme provides higher sys-
tem throughput under the same conditions.
The organization of rest of paper is given as follows. The
system model of ASIC based FD DF cooperative NOMA
system with dedicated relay is described in Sec. 2. Outage
probability and ergodic sum rate of the proposed scheme are
derived in Sec. 3. The comparison of results for the proposed
system and the conventional system are explained in Sec. 4.
Finally, Section 5 concludes the paper.
2. System Model
Figure 1 illustrates the system model where the Base
Station (BS) intends to communicate with the far users 𝐷1,
𝐷2 and 𝐷3 by using dedicated relay 𝑅 that works in FD DF
mode. Two antennas are installed on 𝑅 for it to operate in FD
mode, whereas the remaining nodes employ single antenna.
Furthermore, due to shadowing, no direct link is assumed
between BS and far users. Hereafter, we use subscripts s, r,
1, 2, and 3 for BS, relay, far user 1, 2 and 3, respectively.
All wireless channels are considered as independent block
Rayleigh fading channels. The 𝑖 → 𝑗 link is represented
as the channel coefficient ℎ𝑖 𝑗 , where 𝑖 𝑗 ∈ {𝑠𝑟, 𝑟1, 𝑟2, 𝑟3}.
Therefore, ℎ𝑖 𝑗 = 𝑔𝑖 𝑗𝑑𝑖 𝑗−𝛼 and 𝑔𝑖 𝑗 ∼ CN(0, 𝜆𝑖 𝑗g). 𝑑𝑖 𝑗−𝛼
represents the path loss, where 𝑑𝑖 𝑗 represents the distance
between 𝑖 and 𝑗 nodes and 𝛼 is path loss exponent. The
channel gain |𝑔𝑖 𝑗 |2 is considered as independent exponential
distributed random variable with mean 𝜌𝑖 𝑗g. It is assumed
that the transmission power for the source and relay are same,
i.e. 𝑃s = 𝑃r = 𝑃. Noise is assumed to be additivewhiteGaus-
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Fig. 1. Cooperative NOMA with full duplex relaying system.
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The receiver SNR is defined as 𝛾𝑖 𝑗 =
𝑃 |ℎ𝑖 𝑗 |2
𝑁0
which is
considered as exponentially distributed random variable with






During the 𝑘-th time slot, BS transmits the superim-
posed signal to far users given as [13]
𝑠[𝑘] = (√𝑎1𝑃s𝑥1 [𝑘] + √𝑎2𝑃s𝑥2 [𝑘] + √𝑎3𝑃s𝑥3 [𝑘]) (1)
where 𝑥𝑖 and 𝑎𝑖 denote the information symbols and the
power allocation coefficients for users 𝑖, such that 𝑎1 + 𝑎2 +
𝑎3 = 1 and 𝑎1 < 𝑎2 < 𝑎3. Due to FD DF relay in the system,
it receives the composite signal and RSI signal simultane-
ously. Therefore, the signal received at relay is expressed
as [28]
𝑦r [𝑘] = ℎsr𝑠[𝑘] + 𝑣 [𝑘] + 𝑛r [𝑘] (2)
where 𝑣(𝑘) represents the RSI due to FD operation at 𝑅. The
RSI is also modelled as AWGN signal with zero mean and
variance is given by
𝑉 = 𝛽𝑃Γr (3)
where 𝛽 and Γ are considered as constants which are the
function of self-interference cancellation techniques. The
variance model in (3) clearly shows that the RSI increases
with 𝑃r [25].
The received signal at 𝑅 is mapped into subgroups ac-
cording to ASIC scheme. Here the number of information
elements in the received signal is equal to 3 and 𝑎1 < 𝑎2 < 𝑎3.
The received signal is mapped as [16]
𝑦r [𝑘] = 𝑦ra [𝑘] + 𝑦rb [𝑘] (4)
where










𝑎2𝑃sℎsr𝑥2 [𝑘] + 𝑣2 [𝑘] + 𝑛rb [𝑘]
where 𝑣1 [𝑘] and 𝑣2 [𝑘] are CN(0, 𝑉/2), and 𝑛ra [𝑘] and
𝑛rb [𝑘] are CN(0, 𝑁0/2). The construction process of the
number of subgroups is simply based on number of signal
components and system configuration. Applying conven-
tional SIC technique on each subgroup results in detection of
the desired signal.
The information signals for users 𝐷1, 𝐷2 and 𝐷3 can
be successfully decoded at 𝑅. Therefore, the Signal to Inter-




𝑎1𝑃 |ℎsr |2 + 𝑉2 + 𝑁02
=
𝑎3𝛾sr




where 𝛾sr = 𝑃 |ℎsr |
2
𝑁0
. The user 𝐷3 message is decoded at relay






Now, the effective SINR of user 𝐷1 message after performing




























The decoded signals 𝑥1, 𝑥2 and 𝑥3 at 𝑅 are broadcasted to far
users i.e. from 𝑅 to 𝐷1, 𝐷2, and 𝐷3. The user 𝐷1 receives
its signal as




𝑐1𝑃r𝑥1 [𝑘 −𝛿] +
√
𝑐2𝑃r𝑥2 [𝑘 −𝛿] +
√
𝑐3𝑃r𝑥3 [𝑘 −𝛿])
where 𝛿 > 1 is the processing delay and the power allocation
coefficients for decoded users 1, 2, and user 3 are set as 𝑐1,
𝑐2 and 𝑐3, such that 𝑐1 + 𝑐2 + 𝑐3 = 1 and 𝑐1 < 𝑐2 < 𝑐3. The







where 𝛾1,3 = 𝑐3𝛾r1𝑐1𝛾r1+ 12




= 2𝑐1𝛾r1 are the ef-










Similarly, the signal received by user 𝐷2 is expressed by
𝑦𝐷2 [𝑘] = ℎr2𝑧[𝑘] + 𝑛2 [𝑘] (14)











Finally, the user 𝐷3 receives its signal as
𝑦𝐷3 [𝑘] = ℎr3𝑧[𝑘] + 𝑛3 [𝑘] (16)
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where 𝛾3,3 = 𝑐3𝛾r3𝑐1𝛾r3+ 12





Since the maximum achievable rate is resulted from weak-
est link as observed in Fig. 1. Therefore, the maximum













Finally, since 𝑥3 [𝑘−𝛿] is also decoded at 𝐷1 for ASIC, there-








The proposed ASIC based FD DF cooperative NOMA
system is evaluated in this section by using outage probability
and ergodic sum rate.
3.1 Outage Probability
The ASIC based FD DF cooperative NOMA system is
analysed in terms of outage probability in this subsection.
The targeted threshold values for SINR of NOMA users are
represented by 𝛾th1 = 2𝑅1−1, 𝛾th2 = 2𝑅2−1 and 𝛾th3 = 2𝑅3−1,
where 𝑅1, 𝑅2 and 𝑅3 are corresponding threshold targeted
rates of users 𝐷1, 𝐷2, and 𝐷3 respectively.
The outage probability of far user 𝐷1 is written as
𝑃𝐹𝐷𝐷1 = 1 − 𝑃
(
𝐶r,1 > 𝑅1 𝐶1,1 > 𝑅1 𝐶1,3 > 𝑅3
)











The proof is given in appendix A.
The outage probability of far user 𝐷2 is
𝑃𝐹𝐷𝐷2 = 1 − 𝑃
(
𝐶r,2 > 𝑅2 𝐶2,2 > 𝑅2
)
= 1 − e−
𝛾th2 𝜃2
2 (22)




The proof is given in appendix B.
The outage probability of far user 𝐷3 is
𝑃𝐹𝐷𝐷3 = 1 − 𝑃
(
𝐶r,3 > 𝑅3 𝐶3,3 > 𝑅3
)
= 1 − e−
𝛾th3 𝜃3
2 (23)
where 𝜃3 = (𝜓1 + 𝜓2), 𝜓1 = 1(𝑐3−𝑐1𝛾th3)𝜌r3𝛾 , and 𝜓2 =
𝑉 +𝑁0
(𝑎3−𝑎1𝛾th3)𝜌sr𝛾 .
The proof is given in appendix C.
The expression of throughput for proposed ASIC based FD
DF NOMA system is evaluated by using results of outage
probabilities of (21), (22) and (23). Therefore, the system
















The expected values of achievable rates for users 1, 2,
and 3 are known as ergodic rates which are derived in this
section.






















d𝑢, represents definition of exponen-
tial integral function and used in the above equation.
The proof is given in appendix D.




















The proof is given in appendix E.
The ergodic rate of far user 𝐷3 for proposed FD DF NOMA
system can be approximated by using Gaussian quadrature














where 𝑤𝑖 and 𝑋𝑖 are the weights and arguments of the func-
tion and 𝑔(𝑥) has been given in (F5).
The proof is given in appendix F.
By using (25), (26) and (27), the ergodic sum rate of the
proposed FD DF cooperative NOMA system is expressed as
𝑅𝐷𝑇
𝐹𝐷 = 𝑅𝐹𝐷𝐷1 + 𝑅𝐹𝐷𝐷2 + 𝑅𝐹𝐷𝐷3 . (28)
   D2 evaluates its i      
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4. Results and Discussions
The proposed ASIC based FD DF cooperative NOMA
system is compared with traditional SIC based FD DF co-
operative NOMA system by using performance parameters
of outage probability and ergodic sum rate in this section.
MATLAB (R2014a) programming environment is used to
plot the result.1 To validate our analytical results, the param-
eter values used in the results are given in Tab. 1.
Parameters Values
Path loss exponent: 𝛼 2
Source to relay distance: 𝑑sr 3𝑚
Relay to user 1 distance: 𝑑r1 5𝑚
Relay to user 2 distance: 𝑑r2 7𝑚
Relay to user 3 distance: 𝑑r3 9𝑚
Mean of channel gain |𝑔sr |2: 𝜌sr𝑔 1
Mean of channel gain |𝑔r1 |2: 𝜌r1𝑔 1
Mean of channel gain |𝑔r2 |2: 𝜌r2𝑔 1
Mean of channel gain |𝑔r3 |2: 𝜌r3𝑔 1
Threshold targeted rates: 𝑅1/𝑅2/𝑅3 3/2/1.5
Power allocation coefficients: 𝑎1/𝑎2/𝑎3 0.05/0.2/0.75
Tab. 1. The name of parameters (variables).
Fig. 2. Outage probability vs transmit SNR with (a) 𝛽 = 0,
(b) 𝛽 = 0.9.
Fig. 3. Throughput vs SNR for various levels of RSI.
Fig. 4. Outage probability vs 𝛽 for SNR = 40 dB.
Figure 2 shows the outage probability for proposed ASIC
based FD DF cooperative NOMA system and traditional SIC
based FD DF cooperative NOMA system versus transmit
SNR with (a) 𝛽 = 0 and (b) 𝛽 = 0.9. The analytical curves
of outage probabilities for all three NOMA users are plotted
according to (21), (22), and (23). It is shown that by com-
paring outage performance of the proposed ASIC based FD
NOMA system and traditional SIC based FD NOMA system
under different levels of RSI, the former system gives bet-
ter performance. Due to more outage probability of user 1
than other two users, user 1 decodes the messages of other
two users by performing ASIC in the corresponding FD co-
operative NOMA system. However, user 3 has low outage
probability than users 1, and 2 because it directly decodes
its message. Figure 2 (a) clearly shows that outage per-
formance of the proposed ASIC based FD DF cooperative
NOMA system is better than traditional SIC based FD DF
cooperative NOMA system in the SNR (dB) range of [29,50],
[21,50], and [17,50] for users 1, 2, and 3 respectively under
1A copy of the corresponding MATLAB model is available upon
request at qaiser_awan78@hotmail.com.
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no RSI (𝛽 = 0). The situation is also similar in Fig. 2 (b) but
for SNR (dB) range of [31,50], [22.5,50], and [17.5,50] with
RSI level (𝛽 = 0.9). Therefore, the proposed ASIC scheme
outperforms the traditional SIC scheme used in cooperative
NOMA systems [26–28]. In Fig. 3, we compare the through-
put for proposed ASIC based FD DF NOMA system and
traditional SIC based FD DF NOMA system with different
values of 𝛽. The system throughput is obtained by plotting
the solid curves of proposed ASIC based FD NOMA system
according to (24). It is observed fromfigure that the proposed
ASIC based FD NOMA system achieves higher throughput
than traditional SIC based FD NOMA system under different
levels of RSI. It is also seen that the increase of RSI levels
(i.e. 𝛽 = 0 to 𝛽 = 0.9) result the reduction of system through-
put for both systems. Both systems attain same throughput in
low and high SNR range, whereas performance gap between
them becomes larger in moderate SNR range.
Figure 4 plots the comparison of outage probability
against various values of 𝛽 for proposed ASIC based FD DF
cooperative NOMA system and conventional SIC based FD
DF cooperative NOMA system. In both systems, the relay
functions in FD mode. It is clearly shown in Fig. 4 that
the outage behaviour of both systems does not change sig-
nificantly for low values of RSI (i.e. 𝛽 = −50 dB to 𝛽 ≈
−10 dB). The outage performance of both systems starts to
change for high values of RSI (i.e. 𝛽 = −10 dB to 𝛽 ≈
−1 dB). However, the outage performance of our proposed
system remains higher than traditional system under various
levels of RSI. Finally, the performance of our proposed sys-
tem becomes much better than traditional system under no
self-interference cancellation at relay (i.e. 𝛽 = 0). These
results indicate the superiority of outage performance for our
proposed system than traditional system under different levels
of RSI.
Figure 5 represents the ergodic rates of NOMA users
against transmit SNR for proposed ASIC based FD coopera-
tive NOMA system and traditional SIC based FD cooperative
NOMA system with (a) 𝛽 = 0 and (b) 𝛽 = 0.9. As shown
in figure, the analytical formulas for ergodic rates of user 1,
user 2, and user 3 represented by (25), (26), and (27) respec-
tively are plotted. It can be observed that the ergodic rate of
all users for both systems increases with increasing transmit
SNR in the low to moderate SNR range. However, the er-
godic rate of user 3 for both systems almost stops increasing
at above 37 dB of transmit SNR and attains the fixed value.
The ergodic rate of NOMA users for our proposed system
becomes higher than that of traditional system at above 18
dB of transmit SNR as shown in Fig. 5 (a). The similar situ-
ation occurs in Fig. 5 (b) but at the transmit SNR of above 20
dB. Therefore, it is shown that proposed ASIC based FD DF
cooperative NOMA system has higher ergodic rates than tra-
ditional SIC based FD DF cooperative NOMA system from
moderate to high SNR region for no RSI (𝛽 = 0) and RSI
level (𝛽 = 0.9).
Fig. 5. Ergodic achievable rates vs the transmit SNR with
(a) 𝛽 = 0, (b) 𝛽 = 0.9.
Figure 6 represents the variations of ergodic sum rate
for proposed ASIC based FD cooperative NOMA system and
traditional SIC based FD cooperative NOMA system versus
transmit SNR with various levels of RSI.
Fig. 6. Ergodic sum rate vs transmit SNR for different levels of
RSI.
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Fig. 7. Ergodic sum rate vs 𝛽 for SNR = 40 dB.
The ergodic sum rate of the proposed system is obtained by
plotting the solid curves according to (28). The figure indi-
cates that the ergodic sum rate of the proposed ASIC based
FDNOMAsystembecomes higher than traditional SIC based
FD NOMA system at about above 14 dB of transmit SNR.
It is also seen that the ergodic sum rate for both systems de-
creases with the increase of RSI levels (i.e. by setting 𝛽 = 0
to 𝛽 = 0.9). However, it is observed that the ergodic sum rate
of our proposed system is still higher than traditional system
under these different levels of RSI.
Figure 7 represents the comparison of the ergodic sum
rate for proposed system and traditional system versus vari-
ous values of 𝛽. It is shown in figure that the ergodic sum
rate of both systems does not change significantly for low
values of RSI (i.e. 𝛽 = −50 dB to 𝛽 ≈ −10 dB), but it starts
to change at high values of RSI (i.e. 𝛽 = −10 dB to 𝛽 ≈ −1
dB).
However, the performance of the proposed system re-
mains higher than traditional system in terms of ergodic sum
rate under various levels of RSI. Therefore, the proposed
ASIC based FD NOMA system shows better ergodic sum
rate than traditional SIC based FD NOMA system for vari-
ous values of RSI.
5. Conclusions
This paper has proposed FD DF cooperative NOMA
system, where a novel ASIC scheme is introduced in the sys-
tem that makes the proposed system more effective in prac-
tice as compared to traditional SIC based FD DF cooperative
NOMA system. The approximated analytical expressions of
outage probability of proposed ASIC based FD DF coopera-
tive NOMA system are derived and investigated under realis-
tic scenario of RSI. In addition, the proposed ASIC based FD
DF cooperative NOMA system is also analysed by approx-
imating the expressions of ergodic sum rate. The proposed
ASIC based FD DF cooperative NOMA system is found to
be superior in outage performance and ergodic sum rate than
traditional SIC based FD DF cooperative NOMA system in
medium to high SNR range and achieved the large system
throughput under same conditions. This work is primarily
concerned with single input and single output (SISO) FD DF
cooperative NOMA system but it can be extended into mul-
tiple input and multiple output (MIMO) FD DF cooperative
NOMA system in future.
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Appendix A: Proof of Proposition 1
The outage probability of far user 𝐷1 is given as [28]
𝑃𝐹𝐷𝐷1 = 1 − 𝑃
(
𝐶r,1 > 𝑅1 𝐶1,1 > 𝑅1 𝐶1,3 > 𝑅3
)
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where the variables 𝛾sr and 𝛾r1 have exponential distribution
with parameters 𝜌sr𝛾 and 𝜌r1𝛾 respectively. Therefore,
𝑃𝐹𝐷𝐷1 = 1 − e
−
[

















Appendix B: Proof of Proposition 2
The outage probability of far user 𝐷2 is written as [28]
𝑃𝐹𝐷𝐷2 = 1 − 𝑃
(
𝐶r,2 > 𝑅2 𝐶2,2 > 𝑅2
)
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Appendix C: Proof of Proposition 3
The outage probability of far user 𝐷3 for evaluating the
result of (23) can be proceeded as


























𝛾th3 (𝑉 +𝑁0 )
2(𝑎3−𝑎1𝛾th3 )𝜌sr𝛾
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+ 𝑉 +𝑁0(𝑎3−𝑎1𝛾th3 )𝜌sr𝛾
]
= 1 − e−
𝛾th3 𝜃3
2 (C1)
where 𝜃3 = (𝜓1 + 𝜓2), 𝜓1 = 1(𝑐3−𝑐1𝛾th3)𝜌r3𝛾 , and 𝜓2 =
𝑉 +𝑁0
(𝑎3−𝑎1𝛾th3)𝜌sr𝛾 .
Appendix D: Proof of Proposition 4
According to the rate of far user 𝐷1 given by (18), we







. The CDF of 𝑋 is given by
































Now, by using the following identity [28]
∞∫
0





1 − F𝑋 (𝑥)
1 + 𝑥 d𝑥. (D2)
E{𝐶1} could be calculated [28] as


























1 + 𝑥 d𝑥. (D3)

























Finally, by using the definition of exponential integral which





d𝑢, and it is also given in [29],
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Appendix E: Proof of Proposition 5
The ergodic rate of far user 𝐷2 for deriving the result












. Its CDF is








= 1 − 𝑃
(
2𝑎2𝛾sr































The ergodic rate of far user 𝐷2 can be calculated as









1 + 𝑦 d𝑦. (E3)



















Appendix F: Proof of Proposition 6





1 +min{𝛾r,3, 𝛾1,3, 𝛾3,3}
) ]
. (F1)





of 𝑍 is calculated as follows










































Using F𝑍 (𝑧), the E{𝐶3} is

















The Gaussian Quadrature method [30] is used to simplify the
integral (F.3), and using the approximation as:
𝑏∫
𝑎


























1 + 𝑧) . (F5)
And using (F4), we can derive the desired result of (27).
